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Available online 22 March 2016The long cultivation of ﬁeld pea led to an enormous diversity which, however, seems to hold just little resistance
against the ascochyta blight disease complex. The potential of belowgroundmicrobial symbiosis to prime the im-
mune system of Pisum for an upcoming pathogen attack has hitherto received little attention. This study investi-
gates the effect of beneﬁcial microbes on the leaf proteome andmetabolome aswell as phenotype characteristics
of plants in various symbiont interactions (mycorrhiza, rhizobia, co-inoculation, non-symbiotic) after infestation
byDidymella pinodes. In healthy plants,mycorrhiza and rhizobia induced changes inRNAmetabolismandprotein
synthesis. Furthermore, metal handling and ROS dampening was affected in all mycorrhiza treatments. The co-
inoculation caused the synthesis of stress related proteins with concomitant adjustment of proteins involved
in lipid biosynthesis. The plant's disease infection response included hormonal adjustment, ROS scavenging as
well as synthesis of proteins related to secondarymetabolism. The regulation of the TCA, amino acid and second-
arymetabolism including the pisatin pathway, wasmost pronounced in rhizobia associated plants which had the
lowest infection rate and the slowest disease progression.
Biological signiﬁcance:Amost comprehensive study of the Pisum sativum proteome andmetabolome infection re-
sponse toDidymella pinodes is provided. Several distinct patterns ofmicrobial symbioses on the plantmetabolism
are presented for the ﬁrst time. Upon D. pinodes infection, rhizobial symbiosis revealed induced systemic
resistance e.g. by an enhanced level of proteins involved in pisatin biosynthesis.












Legume crops such as ﬁeld peas (Pisum sativum L.) are important
components of the human and animal diet due to their content of
protein, starch and other nutrients aswell as their health beneﬁt poten-
tials. However, various aspects of ﬁeld pea growth, development,
productivity and expansion are threatened by abiotic andmultiple biot-
ic (pathogens or insects) stresses, of which Ascochyta blight is themost
important necrotrophic foliar disease inmost pea growing regions [1,2].
Particularly, Didymella pinodes (synonym: Mycosphaerella pinodes)
which attacks seedlings and all the above ground parts of pea plants
[3] is the most damaging one [4]. The two major damaging effects of
this disease on crop growth distinguished by Shtienberg [5] were
decreases in leaf area and photosynthetic efﬁciency of the remaining
green leaf area. It has been reported that biotic stress globally
downregulates photosynthetic genes [6]. D. pinodes alters carbohydrate
metabolism, protein remobilization and free amino acid translocation
from diseased leaves, what is likely to reduce photosynthesis [7] andenkoop).
. This is an open access article undercauses signiﬁcant yield losses. As reviewed by McDonald and Peck [8],
between 30% and 75% losses have been measured in Australia, France
and Canada. Although extensive breeding studies have been carried
out, pea cultivars with durable resistance toD. pinodes are not yet avail-
able [1,9]. To reduce disease severity, minimise yield losses and improve
the crop's contribution to food security, the suggested control measures
are fungicide use and agronomic practices (burial or burning of infected
crop residues, use of a suitable crop rotation and shifting of sowing
dates). However, these control measures imply environmental threats
(e.g. toxicity) or are often not suitable tomany farmsituations (e.g. sow-
ing date). Therefore, alternative sustainable practices for pea production
need to be developed and expanded.
Previously, the positive contribution of beneﬁcial microbes for im-
proving plant health, growth, development and productivity has been
extensively reported, especially arbuscular mycorrhiza fungi (AMF)
and rhizobia associations in the rhizosphere [9–11]. Plant growth-
promoting rhizobacteria can induce systemic resistance in plants and
minimise disease severity in both roots and leaves [12]. Likewise, phyto-
hormones released from microorganisms activate plant immunity [13].
Recently, Kosova et al. and Perez-Alfocea et al. [14,15] reported that
plant acclimation to stress is associated with profound changes in com-
position of the plant transcriptome, proteome, and metabolome.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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symbionts (e.g. AMF and/or rhizobia). The research on crop plants pro-
gressively enters the ﬁeld of proteomics [16], and methods were pro-
posed to analyse the proteome of non-model organisms [17,18]. In
recent years, the main goals of proteomics [19] and its advancement
in techniques and protocols for high-throughput proteomics are exten-
sively presented [20]. In the investigation of symbiotic and plant–path-
ogen interactions, proteomics especially proved to be a successful
approach to understand molecular mechanisms [21,22]. Similarly,
metabolomics has a promising role in agriculture to unravel responses
of stressed plants [23] or to assign plantmolecularmodiﬁcations associ-
ated with symbionts [24]. Besides the biosynthesis of secondarymetab-
olites, the regulation of primary metabolites is known to crucially
contribute to the plants' defence response [25]. The integration of prote-
omic andmetabolomic data was prioritized frequently [26,27] to obtain
a systemic view of the plants' molecular adjustment.
In the past, most reports claimed for synergistic effects of co-
inoculation of AMF and rhizobia on legume growth and development
[28–33], because of enhanced N uptake or N2-ﬁxation [34,35]. However,
other studies showed a negative effect of mycorrhiza on nodule devel-
opment and legume plant growth [36–38]. In general, the productivity
of a legume crop cultivar depends on the effectiveness and compatibility
of the AMF [39] and the Rhizobium bacteria in the rhizosphere [29]. So
far, information on the priming effects of AMF and rhizobia, particularly
on the proteome and metabolome of ﬁeld pea under biotic and abiotic
stresses, is scarce.
Hence, in this study, we investigated:
1) Whether the bipartite- (peas–mycorrhiza or peas–rhizobia) or
tripartite-interactions (peas–mycorrhiza–rhizobia) affect the pea
leaf proteome and metabolome compared to non-symbiotic plants.
2) Whether these interactions interferewith the plants phenotypic and
molecular response to D. pinodes infection.
Hence, with this studywe aim to provide new insights into potential
beneﬁts of microbial symbionts to develop induced systemic resistance
in pea plants againstD. pinodes. This knowledge contributes to breeding
strategies in order to improve ﬁeld pea productivity, yield security and
expansion in cropping systems globally.
2. Materials and methods
2.1. Materials and plant growth conditions
2.1.1. Experimental design and soil conditions
In an effort to investigate whether a single or dual inoculation of
arbuscularmycorrhiza fungi (AMF) and rhizobia affect dry matter, pho-
tosynthetic components (e.g. green area), as well as the proteome and
the metabolome of pea plants, a factorial experimental design with
four treatments and two biotic conditions was carried out in aTable 1
Plasma membrane proteins signiﬁcantly responding to infection (Student's t-test, p b 0.05).
Accession Description
gi|118933 Disease resistance response protein Pi49 (PR10)
gi|1708427 2 -Hydroxyisoflavone reductase (NADPH: isoflavone oxidoreductase)
gi|257632899 Unnamed protein product [Pisum sativum]
frv2_47806 Plastocyanin-like domain protein (UniRef100_A0A072TWJ3 icov:100% qcovs: 73.
frv2_110760 12-Oxophytodienoate reductase-like protein(UniRef100_G7K3S2 icov: 96% qcovs
frv2_111907 Archaeal/vacuolar-type H+-ATPase subunit B (UniRef100_A0A072VSL4 icov: 98% 
frv2_53662 Protein disulfide-isomerase (UniRef100_B7FM01 icov: 98% qcovs: 84.41% e-val: 0
frv2_75243 Translational elongation factor 1 subunit Bbeta (UniRef100_Q6SZ89 icov: 90% qco
frv2_83550 PfkB family carbohydrate kinase (UniRef100_G7IAA1 icov: 91% qcovs: 92.08% e-v
frv2_86187 Glucan endo-1,3-beta-d-glucosidase (UniRef100_Q9ZP12 icov: 98% qcovs: 87.01%
frv2_86875 Proteasome subunit beta type (UniRef100_B7FGZ8 icov: 85% qcovs: 96.98% e-valrandomized complete block design. The four treatments were: AMF,
Glomus mosseae (M), Rhizobium leguminosarum bv. viceae (R), dual mi-
crobial symbionts of AMF and Rhizobium (MR) and a control with dual
synthetic NP mineral fertilizer but without symbionts (NS). Four or
three biological replicates were sampled for phenotypic characterisa-
tion as well as for proteomic and metabolomic studies, respectively.
The soil used in this experiment was collected from the 0–20 cm
horizon of arable ﬁelds in Tulln, Austria. Table S1 shows its chemical
and physical characteristics. It was air-dried, sieved to pass a 2 mm
sieve, mixed with expanded clay and silica sand (1:1:1 w/w/w),
and sterilised at 121 °C for 20 min. Prior to planting, plastic pots
(3 L) were disinfected with 12% sodium hypochlorite, cleaned with
deionised water, ﬁlled with 2 kg growing substrate (described
below) and moistened with 400 mL sterilised deionised water. To
maintain the moisture content at optimum levels, pots were irrigated
with sterilised deionised water every second day until a drop came
out from their bottom. As can be seen from Table S1, the soil was low
in both plant available nitrogen and phosphorus. In lowN soils, a starter
dose as little as 5–10 kgN ha−1 can stimulate seedling growth and early
nodulation such that both N2 ﬁxation and eventual yield are enhanced
[40]. The same is true for phosphorus and AM-symbiosis.
Therefore, each pot received starter N and Pwith synthetic fertilizers
at the same rate of 20mgkg−1 soil after planting. Furthermore, the non-
symbiotic treatment received N and P forms as described by Hoffmann
et al. [41] for beans (i.e., 80mg N and 28mg P kg−1 soil). Similar to this
dual NP mineral fertilizer group, pots with single AM fungi or single
Rhizobium bacteria treatment also received nitrogen or phosphorus, re-
spectively. Additionally, a modiﬁed NP free nutrient solution prepared
according to Broughton and Dilworth [42] (CaCl2 147 ppm, Fe-citrate
3.35 ppm, MgSO4·7H2O 61.6 ppm, K2SO4 43.5 ppm, MnSO4 0.17 ppm,
H3BO3 0.123 ppm, ZnSO4 0.144 ppm, CuSO4 0.05 ppm, CoSO4
0.028 ppm, NaMoO2 0.024 ppm; pH 6.7) was applied at a rate of
10 mL pot−1 once a week.
2.1.2. Biological materials
Commercial inoculants (Vaminoc) containing aGlomus species and a
R. leguminosarum bv. viceaewere obtained from former Becker Under-
wood Ltd. UK. The inoculants were applied as prescribed by the compa-
ny. The P. sativum seeds obtained from Rubiales Lab, Cordoba (Spain)
was cultivar Messire, which is reported to be susceptible to D. pinodes
[1,43,44]. From the bulk seeds, we selected uniform and healthy ones
for surface sterilisation (70% ethanol for 30 s, 12% sodium hypochlorite
for 5min). Subsequently, the seeds were rinsed six timeswith sterilised
deionised water, and pre-germinated in previously autoclaved (20 min
at 121 °C) perlite. From three days old pre-germinated seeds, ﬁve
healthy-looking plantlets pot−1 were chosen. To avoid potential cross-
contamination of microbial inoculants between treatments, planting
and covering of the germinated seeds were started with NS pots. Ten




13 252.12 0.000 (0.007) 7.8 ***
22 255.39 0.004 (0.062) 5.3 **
16 179.65 0.000 (0.001) 6.7 ***
98% e-val: 6e-78) 4 174.94 0.000 (0.007) 8.9 ***
: 91.11% e-val: 0) 9 165.89 0.002 (0.042) 3.9 **
qcovs: 99.18% e-val: 0) 17 206.74 0.013 (0.178) 3.5 *
) 17 202.4 0.018 (0.213) 2.3 *
vs: 95.67% e-val: 3e-133) 5 187.78 0.003 (0.051) 2.1 **
al: 0) 10 314.42 0.000 (0.007) 2.5 ***
 e-val:0) 11 307.43 0.000 (0) 2.4 ***
: 4e-164) 4 192.4 0.001 (0.015) 2.4 ***
i/h
p-Val (p-adjust)
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metabolomic studies, respectively. Pots were arranged on benches at
20 °C day and 12 °C night temperature. Relative humidity was at
60±5%with14hphotoperiodanda light intensityof300μmolm−2 s−1.
1. Pots were rotated every ten days.
A pathogen inoculumof pea plants (i.e.D. pinodes isolate)was also ob-
tained from the Rubiales Lab, Cordoba (Spain), and multiplied in Petri
dishes containing PDA media (23 °C, 12 h photoperiod). Approximately
thirty days after planting (at the 8th to 10th leaf stage), plants were inoc-
ulated by spraying a conidia suspension containing 5 × 106 conidiamL−1
and 120 μL of Tween-20 in 100 mL as a wetting agent. After inoculation,
plants were covered with a polyethylene sheet. High humidity was en-
sured by adjustable and automatic humidiﬁers operating for 15 min
every 2 h in the controlled greenhouse.2.2. Assessment of phenotypic characteristics
2.2.1. Plant disease severity
After the initial 36 h the polyethylene coverwas removed and plants
were maintained in the controlled greenhouse throughout disease de-
velopment and assessment and any other measurements. For assess-
ment disease severity (DS), two scorings (i.e., on day three and nine
after D. pinodes inoculation) were performed as described by Roger
and Tivoli [45]. Visual estimation of the percentage of the plant surface
covered by symptoms, such as on stipules and leaﬂets atﬁrst, fourth and
eighth nodes and the plants' mean were taken using a 0–5 scale (0, no
lesion; 1, a few scattered ﬂecks; 2, numerous ﬂecks; 3, 10–15% leaf
area necrotic and appearance of ﬂecks; 4, 50% of leaf area covered by
lesions; 5, 75–100% of leaf area dehydrated or necrotic).2.2.2. Microbial symbionts' effectiveness and plant growth components
At full ﬂowering stage (BBCH 65) plantswere cut at ground level, the
shoot fresh weight was taken, subsequently all the dead leaves or not
green ones and ﬂowers were removed, and the green area was mea-
sured using a scanning planimeter (LI-COR 3100 area meter, Lincoln,
NE, USA). Finally, for dry matter (DM) determination, all shoot parts
were dried at 40 °C for ﬁve days.
Mycorrhizal root colonisation and Rhizobium root nodulation were
assessed after rinsing off the remaining substrate on the roots with run-
ning tapwater on a ﬁne (1mm) sieve bench in the rootwashing facility.
For mycorrhizal colonisation assessment, roots were cleared and
stained according to Vierheilig et al. [46] by boiling them in 10% KOH
for 10 min and in a 5% ink (Schaeffer black ink) plus household vinegar
(equal to 5% acetic acid) solution for 5 min. The percentage of root
length colonised by AMF was estimated according to Newman [47].
For Rhizobium nodulation assessment, nodules were removed from
the roots, to record their number as well as fresh weight and dried
after ﬁve days at 40 °C.2.3. Proteome and metabolome studies
2.3.1. Plant sampling and preparation
For proteomic and metabolomic studies, plants were sampled at
36 h (latemorning hours) after infection in order to obtain the least cir-
cadian effect on the proteome/metabolome. It was reported that
D. pinodespenetrates the leaf cuticle after 24 h and small lesions become
visible [43,48] and infection is in general most effective in the evening.
Three pots were sampled each representing one biological replicate.
Leaves from 3 out of 4 plants per pot were pooled to eliminate effects
of a varying infection success. The fourth plant was used for extraction
of the plasma membrane (Section 2.3.3). After immediate quenching
in liquid nitrogen, leaves were ground to a ﬁne powder in liquid nitro-
gen and then samples were stored at−80 °C for further processing.2.3.2. Integrative extraction of metabolites and proteins
About 25 mg fresh weight of the ground samples were used for
extraction with 1 mL of freshly prepared and pre-cooled extraction
buffer (MeOH:CHCl3:H2O, 2.5:1:0.5). Samples were kept on ice for
8 min with regular agitation before centrifugation (4 min, 14,000 g,
4 °C). The supernatant was transferred to a new tube containing
500 μL ultrapure water and shaken thoroughly. After centrifugation
(4 min, 14,000 g, 4 °C) the upper phase, containing polar metabolites,
was split into two aliquots and dried in a vacuum concentrator. The re-
maining plant material was kept for further extraction of proteins
(Section 2.3.2.2).
2.3.2.1. Derivatisation and analysis with GC–MS. Vacuum dried metabo-
lites were dissolved in 20 μL of a 40 mg mL−1 solution methoxyamine
hydrochloride in pyridine through shaking at 30 °C for 90 min N-
methyl-N-trimethylsilyltriﬂuoroacetamid (40 μL) spiked with 60 μL/
mL of an even-numbered alkane mix (C10–C40) was added followed
by incubation for 30 min at 37 °C under continuous shaking and
centrifugation at 14,000 g. The supernatant was transferred into a
glass vial for measurement. The sample (1 μL) was injected into a GC
coupled triple quadrupole (Thermo Scientiﬁc TSQ Quantum GC™,
Bremen, Germany). GC and MS adjustments were set as described by
Staudinger et al. [49] withminor variations. To enable the quantiﬁcation
of sugars, the samples weremeasured in split less and split modewith a
ratio of 10. Before and after a set of 10 randomly queued samples a set of
5 different concentrations of external standard mix was measured.
Identiﬁcation was based on the matching of MS-spectra and retention
time index (calculated through the spiked alkane mix) against an in-
house library (extended gmd database) in AMDIS [43]. Peak areas
were integrated with the software LCquan (version 2.5, Thermo
Xcalibur). Absolutemetabolite quantitieswere calculated by normaliza-
tion to the slope of the external standard and to the fresh weight. Me-
tabolites not found in the external standard were normalized to the
slope of a similar substance with nearby retention time (e.g. nicotinate
was normalized to the slope of citric acid).
2.3.2.2. Integrative protein extraction. Proteins were extracted from
the plant material pellet (2.4.1) using trizol (TRI Reagent®,
Sigma-Aldrich) according to Carrillo et al. [43], with minor modiﬁca-
tions. The plant material left over from metabolite extraction was soni-
cated in 800 μL trizol reagent. For phase separation of phenolic and
water soluble compounds 160 μL of chloroform was added prior centri-
fugation (15 min, 12,000 g, 4 °C). The upper aqueous phase was
discarded and 240 μL EtOH were added to facilitate pelleting of the
insoluble leafmaterial by centrifugation (5min, 7000 g, 4 °C). The super-
natant was transferred and proteins were precipitated overnight with
ﬁve times of the initial volume in−20 °C cold acetone containing 0.5%
β-mercaptoethanol. The precipitate was pelleted (10 min, 4000 g,
4 °C), subsequently the supernatant removed and the protein pellet
dissolved in 700 μL urea buffer (8 M urea, 50 mM HEPES, pH 7.8).
2.3.3. Plasma membrane preparation
The fresh leaves of one plant (2–4 g) were homogenized in breaking
buffer (0.1MHEPES, 1mMEDTA, 0.33M sucrose, 5mMDTT, 1.5% PVPP,
1 mM PMSF, pH 7.5). The homogenate was centrifuged for 30 min at
30,000 g to pelletise the microsomal fraction, consisting of membranes
derived from different vesicles. The supernatant (fractionwith the cyto-
sol) was precipitated and dissolved in urea buffer as described for the
integrative protein extraction. Plasma membranes in the microsomal
fraction were puriﬁed by use of an aqueous two phase partitioning
optimized for Pisum leaves according to Luthje et al. [50].
2.3.4. Protein digestion
Protein concentration was determined via Bradford assay [49] and a
BSA standard calibration line. A volume corresponding to 100 μg
(integrative extraction and cytosolic fraction) and 20 μg (plasma
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Roche, Mannheim, Germany) was added for initial digestion. Samples
were diluted with trypsin buffer (10% ACN, 100 mM AmBic, 1 mM
CaCl2, 5 mM DTT) to a ﬁnal concentration of 2 M urea and incubated
over night at 37 °C with Poroszyme immobilized trypsin beads (1:10,
vol/vol; Applied Biosystems, Darmstadt, Germany). The digest was ap-
plied on C18-SPEC 96-well plates (Varian, Darmstadt, Germany) and
washed twice with 250 μL water. The sample ﬂow-through and the
ﬁrst wash step were kept for second desalting step with graphite. Pep-
tideswere eluted fromC18-spec-plateswith 500 μL of 100%MeOH. Pro-
teins from the ﬂow through and the ﬁrst wash step were desalted with
10mg graphite in spin columns (MobiSpin Column F, MoBiTec) accord-
ing to the manufacturer's instructions (Thermo scientiﬁc, Pierce®
graphite spin columns). Eluates from graphite and C18 desalting were
subsequently merged, split into two technical aliquots, and dried in a
vacuum concentrator.
2.3.5. Nano ESI LC–MS/MS
Peptides were dissolved in 100 μL 2% ACN, 0.1% FA and 1 μg of each
samplewere applied randomly on a reverse phase C18 column. Integra-
tive extracted peptides (3 biological and 2 technical replicates) were
loaded on a 15 cm × 50 μm column (PepMap®RSLC, Thermo scientiﬁc,
2 μm particle size) and separated during a 90 min gradient with a
ﬂow rate of 300 nL min−1. MS measurement was performed on an
LTQ-Orbitrap Elite (Thermo Fisher Scientiﬁc, Bremen, Germany) with
the following settings: Full scan range 350–1800 m/z, max. 20 MS2
scans (activation type CID), repeat count 1, repeat duration 30 s, exclu-
sion list size 500, exclusion duration 60 s, charge state screening en-
abled with rejection of unassigned and +1 charge states, minimum
signal threshold 10,000.
Cytosolic peptides (3 biological and 2 technical replicates) and plas-
ma membrane peptides (3 biological replicates) were applied on a
15 cm × 100 μm column (Supelco Ascentis® Express Peptide ES-C18,
2.7 μm particle size) for separation during a 90 min gradient with a
ﬂow rate of 400 nL min−1. MS measurement was performed on an
LTQ-Orbitrap XL (Thermo Fisher Scientiﬁc, Bremen, Germany) with
the following settings: Full scan range 350–1600 m/z, max. 9 MS2
scans (activation type CID), repeat count 1, repeat duration 30 s, exclu-
sion list size 500, exclusion duration 60 s, charge state screening en-
abled with rejection of unassigned and +1 charge states, minimum
signal threshold 10,000.
2.3.6. Protein identiﬁcation and label free quantiﬁcation
P. sativum remains to be sparsely sequenced because of repetitive
DNA that complicates a shotgun proteomic approach. Thus a database
(db) was assembled according to [51] with minor modiﬁcations: UniProt
UniRef100 db (22 January 2015) were sourced from the following taxa:
P. sativum, R. leguminosarum, Glomus, and Mycosphaerella. Because of
little entries for P. sativum at UniProt, we included organism speciﬁc
sequences from NCBI. Additionally, assembled ESTs of P. sativum were
sourced from www.coolseasonfoodlegume.org (unigene v2, unigene)
[49] and subsequently six-frame-translated using mEMBOSS v6.5. The
longest continuous amino acid sequence (longest open reading frame)
within forward and reverse translation was chosen. Protein annotations
were derived via BLAST against the complete UniRef100 db. Speciﬁc
blast information was provided in brackets in the protein description
(UniRef100 accession, identical coverage, query coverage, e-value). The
identical sequences and subfragments were placed into a single record
to avoid redundancy. The db was ﬁnally completed with cultivar speciﬁc
mutations according to [51] and comprised 140,560 entries.
Thermo raw ﬁles were identiﬁed and quantiﬁed in MaxQuant
[52]. Identiﬁcation parameters were adapted to the respective in-
strument (Orbitrap Elite/Orbitrap XL): ﬁrst search peptide tolerance
20 ppm/20 ppm, main search tolerance 4.5 ppm/6 ppm, ITMS MS/MS
match tolerance 0.8 Da/0.8 Da, intensity threshold 500/500. All ﬁles
were searched with maximum 5 of the following variable modiﬁcations:oxidation of methionine and acetylation of the N-term. Maximum two
missed cleavages were allowed. A retention time window of 20 min
was used to search for the best alignment function and identiﬁcations
were matched between runs in a window of 0.7 min. A revert decoy db
was used to set a cut-off at a FDR of 0.01 (at PSM and protein level). A
minimum of 6 amino acids was required for identiﬁcation of a peptide
and at least two peptides necessary for protein identiﬁcation. Label free
quantiﬁcation (LFQ) was done when at least one MS2 scan was present.
LFQ minimum ratio was set to 2. Stabilisation of large LFQ ratios was
active.
2.4. Statistical analysis
A two-way ANOVA was used to examine the main effects and inter-
action of biotic stress (with/without D. pinodes infection), and NP nutri-
ent sources (microbial symbionts or mineral fertilizer) on shoot green
area, shoot dry matter yield, root AMF colonisation and rhizobial nodu-
lation. All assumptions required by ANOVA were veriﬁed. Differences
between treatments were compared with Tukey's multiple range test,
and statistical signiﬁcance was deﬁned at P b 0.05. These analyses
were performed using SAS v. 9.4.
In proteomic and metabolomic studies, all statistical computation
was done in R [53]. Outliers (1.5 times the interquartile range) of pro-
tein and metabolite intensities) were removed. Only proteins/metabo-
lites present in more than half of the observations of a group were
considered for statistical analysis. If less than half of the observations
in a group were missing, the missing values were estimated via k-
nearest neighbour algorithm. Remaining missing values were ﬁlled
with half the minimum value of the respective protein/metabolite.
Signiﬁcant differences between groups were determined with an
ANOVA followed by a Post-hoc test (Tukey HSD, P b 0.05). Signiﬁcant
proteins additionally required a minimum fold change of ≥2.
The average intensity of statistically signiﬁcant proteins among
healthy treatments was scaled (z-transformation). Proteins were hier-
archically clusteredwith Euclidian distance and complete linkagemeth-
od and plottedwith heatmap.2 function [54] and ‘YIOrRd’ colour palette
from the ‘RColorBrewer’ package [55]. The proteins were functionally
classiﬁed with Mercator [56], ﬁltered to the most representative
functions (only proteins with assigned function; minimum count of 4
proteins per function) and visualised in a stacked bar plot (Fig. 7B). Pro-
teins/metabolites signiﬁcantly responding to disease were determined
via a comparison (ANOVA, Tukey HSD) of the diseased versus the
healthy plants (e.g. Md/Mh) and a comparison (Student's t-test) of all
diseased versus healthy plants (d/h). Corrected p-values (Benjamini
Hochberg) are additionally provided.
The scaled protein averages were clustered and plotted in a
heatmap. Stress related categories were visualised aswell as responsive
categories with N4 proteins per functional category. Averages of metab-
olite intensities were used to calculate the ratios between diseased and
healthy treatments. The ratios are visualised with the ‘RdBu’ colour
palette (RColorBrewer package). Pathway visualisation was adopted
from Schweiger et al. [24].
3. Results
3.1. Phenotypic characterisation
For the determination of symbiont root colonisation and its effect on
pathogen disease severity as well as on plant growth, several analyses
where carried out at the stipules, leaﬂets and roots with the following
results:
3.1.1. Disease severity
We noted signiﬁcant difference in disease development between
two scoring dates of disease severity (DS) on both stipules and leaﬂets,
but not among symbiotic treatments. After nine days of pathogen
Fig. 1. Effects of absent, dual or tripartite symbiosis with arbuscular mycorrhizal fungi (AMF) and/or Rhizobium leguminosarum bv. viceae on pathogenic disease severity of P. sativum:
leaﬂets (A) and stipules (B) nine days after infection of D. pinodes. Abbreviations are: M (AMF); R (Rhizobium bacteria); MR (dual M and R); NS (non-symbiotic synthetic dual nitrogen
and phosphorus fertilizers). Values are means (n = 4) and error bars indicate standard error. Bars labelled with the same letter are not signiﬁcantly different from each other
according to Tukey's HSD at p b 0.05.
177G. Desalegn et al. / Journal of Proteomics 143 (2016) 173–187infection, however, the mean DS on leaﬂets of plants inoculated with
single R was signiﬁcantly lower than on plants with AMF treatment
(M and MR). This effect of Rhizobia on the disease severity was not
found on stipules (Fig. 1A, B). The overall DS ranged from 2.3 to 4.5 on
the leaﬂets and from 0.4 to 3.2 on the stipules between the two scoring
dates. The DS rangewasmuch smaller on leaﬂets than on stipules, how-
ever, DS was higher. Possibly leaﬂets were most accessible to the spray
of spores that led to rapid disease progress and higher initial DS score. A
general downward (not upward) disease progress from leaﬂets to pet-
ioles, stipules and to the base of stems was noticed.3.1.2. Mycorrhizal root colonisation
To assess the efﬁciency of dual and tripartite AMF associations with
host plants under healthy conditions and D. pinodes attack, mycorrhizal
root colonisation was measured. Healthy plants inoculated with single
mycorrhiza (M) showed the maximum fungal root colonisation of 62%
(Fig. 2). The biotic stress signiﬁcantly reduced root mycorrhizal coloni-
sation by 30% compared to healthy plants. Furthermore, antagonistic
effects of dual MR inoculation were noted under both healthy and dis-
eased plant growth conditions with a 13% to 15% reduction compared
to single AMF inoculation, respectively. For control, random samples
from plants without AMF inoculation never showed any AMF colonised
roots.Fig. 2. Efﬁciency inoculation of ﬁeld pea (Pisum sativum L.) with single AMF or combined
with Rhizobium bacteria (MR) on mycorrhizal root colonisation under healthy and biotic
(D. pinodes) stress plant growth conditions. Error bars indicate standard error (n = 4).
Bars labelled with the same letter are not signiﬁcantly different from each other
according to Tukey's HSD at p b 0.05.3.1.3. Efﬁciency of root nodulation by rhizobia
To evaluate inoculation with Rhizobium, we determined nodule dry
weight (DW) aswell as number. Plants inoculatedwith single R had ap-
proximately 30% signiﬁcantly higher nodule DW than co-inoculated
(MR) plants (Fig. 3). The interaction between pathogen and Rhizobium
inoculation showed signiﬁcant effect on nodule DWboth for treatments
R andMR (Fig.3). Pathogen infection reduced nodule DWby 75%. Over-
all, nodule distribution and size were bigger and conﬁned around the
crown root, particularly in the single R system. As control, random sam-
ples from plants without Rhizobium inoculation never showed any
nodule-like structures on the roots.
3.1.4. Green area production
A two-way ANOVA indicated that there were no statistically signiﬁ-
cant interaction effects between pathogen infection and symbiotic
treatments on green area (GA) production (Fig. 4). However, about
80% GA reduction was found due to D. pinodes infection as compared
to healthy pea plants. Independent of the treatment, in our experimen-
tal setup GA was only affected by plant health (e.g. Fig. S1).
3.1.5. Shoot dry matter production
To reveal the effects of biotic (pathogenic) stress and microbial
symbionts' interactions on photosynthetic performance of plants, the
dry weight (DM) of shoots was determined. Overall, the mean DMFig. 3. Efﬁciency of inoculation of ﬁeld pea (Pisum sativum L.) with single Rhizobium
bacteria (R) or combined with AM fungal (MR) on root nodule dry weight (DW) under
healthy and biotic (D. pinodes) stress plant growth conditions. Error bars indicate
standard error (n= 4). Bars labelled with the same letter are not signiﬁcantly different
from each other according to Tukey's HSD at p b 0.05.
Fig. 4. Effects of NP sources from microbial symbionts and synthetic fertilizers on green
area production of ﬁeld pea (Pisum sativum L.) under healthy and diseased plant growth
conditions. Abbreviations are: M (AMF); R (Rhizobium bacteria); MR (dual AMF and R);
NS (non-symbiotic synthetic dual nitrogen and phosphorus fertilizers). Values are
means (n= 4) and error bars indicate standard error. Bars labelled with the same letter
are not signiﬁcantly different from each other according to Tukey's HSD at p b 0.05.
Fig. 6. Number of quantiﬁed leaf proteins from total integrative extraction, cytosolic
fraction and plasma membrane enrichment.
178 G. Desalegn et al. / Journal of Proteomics 143 (2016) 173–187production was signiﬁcantly lower in diseased plants than in healthy
ones by 70% (Fig. 5). DMwas also found to be partly treatment speciﬁc.
The R treatment showed signiﬁcantly higher mean shoot DM of healthy
and diseased plants (2.4 g pot−1) compared toMwith lowestmeanDM
production of 1.8 g pot−1. Again, statistically signiﬁcant interaction
effects between pathogen infection and treatments were found.
3.2. Integrative molecular and subcellular analyses of the proteome and
metabolome
For the investigation of the molecular effects of the different
symbiotic treatments and their possible inﬂuence on the plants
leaﬂet response to the pathogen attack, an integrative proteome
andmetabolome extraction aswell as an additional subcellular proteome
extraction of the cytosol and the plasma membrane were performed.
For best data presentation, we decided to combine quantitative proteo-
mics data of the integrative and cytosolic extractions separately from
plasma membrane proteins and metabolites.
3.2.1. Functional and local proteome characterisation
Altogether, 1564 proteins were used for quantitative analysis. Be-
cause of the largest complexity the integrative leaf extracts accounted
for the majority of identiﬁcations (1383; Fig. 6) including especiallyFig. 5. Effects of NP sources from microbial symbionts and synthetic fertilizers on dry
matter production of ﬁeld pea (Pisum sativum L.) under healthy and diseased plant
growth conditions. Abbreviations are: M (AMF); R (Rhizobium bacteria); MR (dual AM
fungi and R); NS (non-symbiotic synthetic dual nitrogen and phosphorus mineral
fertilizers). Values are means (n = 4) and error bars indicate standard error. Bars
labelled with the same letter are not signiﬁcantly different from each other according to
Tukey's HSD at p b 0.05.
Fig. 7. (A) Heatmap of 293 protein abundances from the integrative and cytosolic
extraction which showed a signiﬁcant difference among symbiont treatments of healthy
plants. Each cell represents the scaled average protein intensities (n= 3). Euclidean dis-
tance and complete linkage method were used for cluster analysis. Clusters (1–4) were
grouped at a height of 3.3; (B) clusters from (A)were functionally categorized by adopting
functional bins from theMapManMercator tool. Categorieswere plottedwhen containing
aminimum of 4 proteins in at least one cluster. Values at the bars' right side represent the
number of categorized proteins per number of proteins in the corresponding cluster (1–4)
derived from (A).
Fig. 8. (A–S) Heatmaps of functionally annotated proteins that signiﬁcantly changed upon infection; exclusively proteins with known function and a minimum of 4 proteins per category
were hierarchically clustered (Euclidean distance, complete linkage). Protein accessions also found signiﬁcant among healthy plants (Fig. 7) are colour coded andmarkedwith the respec-
tive cluster number. Asterisks indicate p-values of treatment response to infection: *p b 0.05, **p b 0.01, ***p b 0.001.
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synthetic apparatus (e.g. Calvin Cycle). The additional subcellular en-
richment of the cytosol (692) and the plasma membrane (158)
fractions, lead to the quantiﬁcation and localisation of additional 135
and 29 proteins, respectively (Fig. 6). Many of those proteins provided
additional information especially to amino acid metabolism, protein
synthesis and protein handling, which were also involved in pathogen
response (Fig. 8N and C). Cytosolic proteins mostly overlap with inte-
grative extracted proteins, whereas identiﬁcations of the plasma mem-
brane overlap likewise with both integrative and cytosolic fractions.
By using the agriGO tool (v. 1.2) [57], the cellular compartment was
predicted for all identiﬁcations of the plasma membrane puriﬁed frac-
tion. Supplementary Fig. S2 indicates that a good portion (39/135) of
these identiﬁcations was related to the plasma membrane but also to
the cytoplasm. On one hand, this means that several plasmamembrane
proteins where also found in the integrative and cytosolic extractions
and some proteins of unknown annotation may possibly be associated
with the plasma membrane. On the other hand, several proteins
might be derived from expected contaminations mainly of the cytosol
due to incomplete puriﬁcation [58]. In the following accessions of signif-
icantly responding proteins these are marked with -int (integrative ex-
traction only) or -cyt (cytosolic extraction only) or -int-cyt (from both
extractions), depending on where these have been found.
3.2.2. Symbiont treatment effect on proteome and metabolome of healthy
plants
A heatmap was generated with all 293 proteins of the integrative
and cytosolic extraction, signiﬁcantly different in abundances between
treatments of the healthy plants (Table S2; p b 0.05, fold change ≥2)
(Fig. 7A). The intensity values for label free quantiﬁcation were used
for hierarchical cluster analysis. Four treatment speciﬁc clusters (cluster
height 3.3) were further functionally grouped (Fig. 7B).
The ﬁrst set (violet) represents proteins with elevated abundance in
R and speciﬁcally in M treated plants (Fig. 7A). To a high degree these
proteins are involved in RNA and proteinmetabolism (Table S2; protein
targeting, post translational modiﬁcations, synthesis, and degradation).
The second set (blue) with highest levels in R and NS treatments in-
cludes a large part of metal handling proteins (mostly ferritins:
frv2_45286-int-cyt, frv2_45302-int-cyt, frv2_74959-int) as well as pro-
teins involved in protein regulation. However, MR plants showed by far
the largest set (116 proteins— red) which mainly consisted of proteins
categorized in, or related to stress response (secondary metabolism,
Fig. 8A; beta 1,3 peroxidases, Fig. 8B; glucan hydralases, Fig. 8C). The
majority of those proteins involved in secondary metabolism belonged
to ﬂavonoid synthesis (e.g. chalcone–ﬂavanone isomerase, isoﬂavone
reductase). The functional category signalling noteworthy comprises
more proteins in sets with high abundance in symbiotic treatments
(violet, red), but not in the NS ones (blue, green).
Differences were observed in 15 metabolites among healthy plants
that are explained by twomain observations: (1) Elevated levels of glu-
tamine and oxaloacetate and lower levels of leucine in NS plants;
(2) high levels of galactinol, galactose, isoleucine, phenylalanine, valine,
threonine, asparagine, benzoate, butanoic acid, nicotinic acid and
butyro-1,4-lactam in MR plants (Table S2). In healthy plants, we ob-
served signiﬁcantly higher abundance of γ-aminobutyric acid (GABA)
in M than in R.
3.2.3. Effect of pathogen infection on the plant proteome and primary
metabolism
With this proteomic approach a quantity of 301 proteinswere found
to change abundance upon infection (Table S3).
Proteins from the plasma membrane extract were exclusively com-
pared on the infection level as a consequence of too little observations
caused by low protein yield in samples of speciﬁc treatments (MR, R).
All 11 proteins that were found signiﬁcantly responding to infection
were accumulating (Table 1). About half of the proteins respondingupon infection in the plasma membrane were also found to be induced
in the integrative and cytosolic samples. Among them was the disease
resistance response protein Pi49 (PR10 like), which showed the highest
fold change in the plasma membrane fraction.
The following proteins were solely found signiﬁcantly upregu-
lated upon infection in the plasma membrane fraction but not in
the cytosolic or the integrative extraction: V-type H+-ATPase sub-
unit β (frv2_111907), translational elongation factor 1 subunit β
(frv2_75243), PfkB family carbohydrate kinase (frv2_83550), and
proteasome subunit β (frv2_86875).
Abundances of proteins which showed response to the infection
(including some proteins that contributed to signiﬁcant differences
among healthy treatments) were grouped according to their function
and visualised in cluster heatmaps (Fig. 8; functional clusters A–S). All
proteins with information about ratios and p-values can be found in
Table S3.
Only proteins of the categories vitamin metabolism (Fig. 8D) and
few proteins of the secondary metabolism (Fig. 8A) as well as from
protein synthesis (Fig. 8E) were substantially depleted upon pathogen
infection. In vitamin metabolism (Fig. 8D), phosphomethylpyrimidin
synthase (frv2_80920-int-cyt), thiamine thiazole synthase (frv2_45000-
int, frv2_45000-cyt) as well as its possible reaction centre (frv2_83728-
int) were signiﬁcantly reduced upon infection. This oxidative stress
upon infection is as well reﬂected in the higher levels of SOD
(frv2_85684-cyt; redox).
Overall, most functional categories reveal a substantial
protein accumulation upon infection. We found an isoﬂavone-7-
O-methyltransferase (frv2_85635-int) and two isoforms of the (+)-
6a-hydroxymaackiain 3-O-methyltransferase 1/2 (342165113-int-cyt,
75098146-int-cyt) to be induced exclusively at disease response
(Fig. 8F; O-methyl-transferases).
Noticeable, the single rhizobia inoculated plants showed the most
signiﬁcant response of all treatments in the pisatin pathway. Upstream
the ﬂavonoid synthesis, we also found that 2-hydroxyisoﬂavanone
dehydratase (frv2_118953-int-cyt; Fig. 8G; lipid metabolism) was
exclusively upregulated in diseased plants.
Stress related proteins were similarly induced independent of the
symbiotic treatments, whereas certain subsets (Fig. 8H; accessions indi-
cated red; PR proteins, endochitinases) showed high abundance also in
healthy co-inoculated (MR) plants. This applies also for proteins related
to secondary metabolism, peroxidases and dehydrogenases (Fig. 8A, B
and I). However, such difference was not observed among infected
treatments, where R and/or NS plants seemed to show the strongest
response in abundance (Fig. 8F, J and K; O-methyl-transferases, TCA,
amino acid).
Glutathione-S-transferases (Fig. 8L), which are catalysing the bind-
ing of glutathione to Xenobiotics, were exclusively upregulated in dis-
eased plants. Glutathione synthesis requires the amino acid glycine,
which was mainly downregulated (Fig. 9), while glutamate and cyste-
ine showed no signiﬁcant regulation. Proteins attributed to signalling
function show diverse characteristics among healthy, as well as dis-
eased plants (Fig. 8M).
Plants inoculated with rhizobia exhibited high levels of
thioredoxin (15594012-int, frv2_56192-cyt) and superoxide dis-
mutase (SOD; frv2_85684-cyt) which were downregulated upon
disease, whereas other treatments responded contrary (Fig. 8N;
redox). Despite this rhizobial dominated priming, we also noted a
common upregulation of redox associated proteins (Fig. 8N) in
disulphide isomerases (frv2_24576-int, frv2_53662-cyt), and 1-
aminocyclopropane-1-carboxylate oxidase (frv2_115459-cyt). Up-
stream, methionine is processed to S-adenosyl-L-methionine via S-
adenosylmethionine synthase to 1-aminocyclopropane-1-carboxylate.
We observed that several isoforms of the S-adenosylmethionine syn-
thase (Fig. 8K and O) involved in amino acid and hormone metabolism
(frv2_46489-int, frv2_46489-cyt, frv2_74528-int, frv2_74528-cyt,
frv2_99818-cyt, frv2_46489-int, frv2_74528-int) were signiﬁcantly
Fig. 9. Schematic overview of the primary metabolism: Metabolite levels of different symbiotic treatments that signiﬁcantly changed upon infection (blue: decrease, red: increase); i =
infected; h = healthy; Asterisks indicate p-values: *p b 0.05, **p b 0.01, ***p b 0.001.
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pools showed notable changes in diseased plants: In M and R treat-
ments with increased methionine, there was no signiﬁcant decrease
in ascorbate. In contrast, MR and NS treatments with no signiﬁcant in-
crease in methionine showed a signiﬁcantly depleted ascorbate pool.
Fig. 8O indicates hormone metabolism, besides, ET and SA (acyl-
[acyl-carrier-protein] desaturase, frv2_113703-cyt) responding path-
way proteins, a set of two isoforms of 12-oxophytodienoate reductases
(frv2_110760-int, frv2_110760-cyt, 257632899-int, 257632899-cyt),
belonging to the jasmonate (JA) synthesis pathway showed increased
abundance in all diseased plants.
Fig. 8P shows the cell wall metabolism that responded with in-
creased levels of pectin esterases (3426335-int-cyt, frv2_80270-cyt) as
well as UDP-D-glucuronate carboxy-lyase (13591616-int-cyt) and
UDP-glucose 4-epimerase (229365688-int). Additionally, a leucine
rich repeat showed response especially in diseased M and NS plants.The three initial enzymes of the citric acid cycle (Fig. 8J; TCA), citrate
synthase (frv2_113077-int), aconitase (frv2_52492-cyt/int), isocitrate
dehydrogenase (frv2_81879-int-cyt), and also succinyltransferase
(frv2_52063-cyt) were upregulated in all treatments, although R
showed themost signiﬁcant response. Similarly, amino acidmetabolism
(Fig. 8K) was mostly affected in rhizobial plants upon infection.
Metabolites, participating in the TCA (Fig. 9), such as citric acid, suc-
cinate, and oxaloacetate, showed exclusively lower levels in diseased
plants than in healthy ones, except for malate which was similar in
both of them.
RNA regulation (Fig. 8Q) and protein synthesis (Fig. 8E) comprises a
large part of the infection response. In protein synthesis 2 subclusters
can be distinguished. A remarkable set (subcluster E1),mainly ribosom-
al proteins (coloured violet; high in M) was exclusively depleted in M
plants upon infection. However, the most common infection response
(subcluster E2) consisted of an accumulation especially of ribosomal
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signiﬁcantly accumulating mainly in NS and R infected treatments.
A subset of proteins involved in protein degradation (Fig. 8R;
frv2_53418-int, frv2_65095-int, frv2_83788-int) was speciﬁcally high
in MR plants but levelled out in diseased plants. Proteins involved in
protein folding, protein targeting or posttranslational modiﬁcations
are combined in the functional group protein handling (Fig. 8S) which
mostly comprises of chaperones (frv2_129745-cyt, frv2_81717-cyt),
peptidyl-prolyl cis-trans isomerases (frv2_87460-cyt, frv2_50390-int),
a heat shock protein (frv2_75932-cyt) and a patellin-2-like protein
(frv2_49029-cyt). The majority of proteins in this category were found
in the cytosol.
The infection affected 28 primary metabolites (Table S3) being
visualised in Fig. 9. Brieﬂy, among sugars, glucose and fructose were ac-
cumulated. Interestingly,we also noted a concomitant increase of sever-
al amino acids such as tryptophan, tyrosine, isoleucine, methionine,
leucine, valine, alanine, and proline. Here, homoserinewas poorly quan-
tiﬁed. However, metabolic precursors for HOS (aspartate, asparagine)
and its derivatives (isoleucine, methionine) were signiﬁcantly upregu-
lated (Fig. 9; amino acid metabolism). Co-inoculated plants (MR)
showed eased or contrary response in these amino acids.
4. Discussion
This is, so far, the most comprehensive study of proteome and me-
tabolome infection response to D. pinodes [48,59].
The main goal of our study was to reveal whether and how the dif-
ferent microbial treatments effect on plants metabolism and growth
performance (4.1) andwhether and how this would inﬂuence suscepti-
bility of P. sativum's response to the pathogenic induced ascochyta
blight byD. pinodes (4.2). Differential symbiont treatments showed dis-
tinct effects on the plant metabolism with only little impact on growth
as reﬂected by green area and dry matter production. But infected
plants were strongly injured by the fungal disease.
4.1. Differential symbiont treatments show distinct effects on the plant
metabolismwith only little impact on the plants green area and dry matter
production
Green area of pea plants depends on the addition and expansion of
new leaves, pods or stem tissue and the senesences of older, dying
leaves andmaturing pods. Generally, the phenotypic host plant beneﬁts
in green area and dry matter production obtained from each microbial
symbiont were sufﬁcient and similar to the non-symbiotic treatment
with synthetic fertilizer. As previously reported, metabolic exchanges
from the microbial symbionts for host C have a stimulatory effect on
leaf photosynthetic capacity [30], enhance green area growth and may
also trigger systemic induced resistance against stress [12,60].
Plants inoculated with single AMF, however, showed mildly de-
creased dry matter compared to the other treatments. The distinct
leaﬂet-proteome patterns that we found in response to different symbi-
otic treatments of P. sativum seemed, however, only slightly involved in
growth performance. The AMF speciﬁc protein pattern was speciﬁcally
striking for its higher levels of several proteins involved in protein reg-
ulation and synthesis. However, there was no clear indication of this
AMF speciﬁc protein pattern to negatively regulate plant growth
performance.
At least, the slightly enhanced dry matter of rhizobia treated plants
matched well with the distinct accumulation of proteins involved in
cell regulation such as tubulins (Fig. 7B; cell). Our results show that pro-
tein synthesis andRNA related proteinswere dominant in the proteome
of healthy plants inoculated with single rhizobia or AMF, but not with
combined MR or synthetic fertilizer (NS). Among them the nascent
polypeptide-associated complex subunit β was of great abundance. As
reviewed by Rospert et al. [61], the nascent polypeptide-associated
complex was suggested to shield nascent polypeptides deriving fromthe ribosome, and to be a negative regulator for translocation into the
endoplasmic reticulum, but a positive one for translocation to themito-
chondria. In addition, this complex was proposed to play a role in
transcription rather than translation. Transcriptional changes were pre-
viously suggested to be highly controlled by the process of autoregula-
tion of mycorrhisation or nodulation in Glycine max [62]. The higher
levels of nascent polypeptide-associated complex subunit beta were ac-
companied by upregulation of a translation elongation factor-2 subunit
in plants inoculated with single microbial symbionts. That is in agree-
ment with Staudinger et al. [49], where rhizobia inoculated Medicago
truncatula plants exhibited higher levels of elongation factor-2.
The tripartite association (MR) failed to show its synergistic effects
on maximising both green area and dry matter production over the in-
dividual microbial symbionts (M or R). That might bemainly attributed
to the lower effectiveness of the AMF symbiosis. A reduction of mycor-
rhizal beneﬁt to host plants with increasing plant density has been re-
ported by [63,64]. Furthermore, such lower root colonisation and
nodulation in a combined MR situation might be attributed to competi-
tion between them for survival andmultiplication, energy (C), nutrients
and space on roots [65,66]. Nevertheless, the antagonistic effect that
leads to lower colonisation observed for AMF and rhizobia ofMR treated
plants are consistent with other studies [32,37]. Similar results were re-
ported previously, where AMF infection rate was lower in the tripartite
symbiosis, but the number of nodules was not altered, however, nitro-
genase activity was depressed [67]. A possible inhibition of N ﬁxation
and a negative effect on nodule development due to AMF colonisation
of root noduleswere reported [36–38]. Hence, ourMR treatment results
are in agreement with previous studies [32,37], but also contradicted
others [68,69] which reported synergistic effects. The combination and
efﬁciency of symbionts on plant species or even cultivars may be in-
volved in the different ﬁndings.
It remains to be clariﬁed, if this antagonistic effect is somehow linked
to the distinct tripartite leaf-proteome pattern. Here, compared to
the other treatments, the large number of highly accumulated proteins
of the nitrogen- and secondarymetabolism, stress, peroxidases andbeta
1,3 glucan-hydratases pathwaysmay be noticeable. These pathways are
well known to be involved in stress response.
For instance, we found 12-oxophytodienoate reductase
(frv2_110760) signiﬁcantly higher (1.5 fold) exclusively in healthy
tripartite plants compared to other treatments (M, R, NS). The 12-
oxophytodienoate reductase catalyses the penultimate step in the JA
synthesis. JA biosynthesis is known to be induced in barley [70] as
well as in leaves of tomato associated with AMF [71]. Furthermore, a
hypernodulatingmutant ofGlycinewas shown to exhibit elevated levels
of JA in the leaves indicating that this phytohormone is involved in the
autoregulation of nodulation [72,73]. Others indicated that the degree
of mycorrhisation reduces with lower levels of JA [74], which suggests
a mediation of the plant–fungus interaction by this hormone. Kiers
et al. [75] found that low levels of exogenously applied JA positively af-
fect AMF colonisation, whereas high levels impede its colonisation. The
suppressing characteristic of JA was recently afﬁrmed in the interaction
of Populus and Laccaria bicolor [76]. We also observed high abundance
of metabolites and proteins related to ﬂavonoid synthesis (phenylala-
nine, chalcone synthase/isomerase, isoﬂavon reductase) in MR treated
plants that might play a role in the synthesis of Pisatin, the major phy-
toalexin in pea, known to be induced upon D. pinodes infection [77].
Changes in the composition of ﬂavonoids in the shoot upon association
with AMF were observed earlier in Trifolium repens [78]. In accordance
with other studies, where glucan hydralases were found to be induced
uponmetal stress and JA signalling [79,80],we also observed high abun-
dance of these proteins in MR plants.
We found a remarkable similarity between the induction of peroxi-
dases of the tripartite treatment (MR) and the known general stress re-
sponse mechanism in various plant species [81–83]. In MR plants, an
accumulation of monodehydroascorbate reductase was observed,
while their ascorbate level was equivalent to M, R and NS treatments.
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partite plants and leads to the assumption that these peroxidases are
mainly inactivating H2O2 within the cell by utilizing NAD(P)H. This is
supported by the elevated levels of nicotinate, which serves as pyridine
precursor [84] andmediates NAD synthesis [85]. It was proposed previ-
ously that enhanced resistance is accompanied by an increase of NAD,
but not of ascorbate or glutathione in the leaves [86]. The demand for re-
duction equivalents can be afﬁrmed by our observation of signiﬁcantly
increased S-(hydroxymethyl)-glutathione dehydrogenase, responsible
for reduction of NAD(P)+ to NAD(P)H, as well as the high abundance
of phosphogluconate dehydrogenase and chloroplastic ferredoxin
NADP oxidoreductase (Table S3) that both participate in the oxidative
pentose pathway (OPP) providing NADPH. Our results suggest that
aside the OPP, additional NADPH is produced through the Hatch-Slack
pathway commonly known as C4 photosynthesis.
Concerningmicrobial induced systemic stress alleviation, the prote-
omics data show further interesting overlaps with previous studies. In
both, the single AMF and rhizobia treatments leaves showed an induc-
tion of metal handling proteins.
Heavy metal uptake and translocation was reported to be lower in
mycorrhiza associated plants [87,88]. Even though the sets of induced
metal binding proteins are different between the two symbiont treat-
ments, in future it will be interesting to study if these are also involved
in heavy metal stress alleviation for R treated plants. AMF protects
plants against oxidative stress caused by heavy metals in the soil as
reviewed by Schutzendubel and Polle [89]. Other authors thereon sug-
gested a decreased need for reactive oxygen species (ROS) scavenging
mechanisms in the shoot [79] and found, among other proteins, S-
adenosylmethionine synthase (SAMS) downregulated in AMF associat-
ed plants (Table S3). S-adenosylmethionine (SAM) is a precursor of
nicotianamine, which has been reported to play a role in metal ion ho-
meostasis through chelation mechanisms and transport [90,91]. SAM
additionally serves as a substrate for certain methylases regenerating
glutathione (GSH) via the GSH-ascorbate-cycle.
In accordance to this, in tripartite (MR) plants, we found low levels
of SAMS and aci-reductone dioxygenase (1,2-dihydroxy-3-keto-5-
methylthiopentene), involved in methionine salvage. Afﬁrmative to
this, MR treated plants exhibited low ferritin pools, which are reported
to protect cells against oxidative damage [92]. Altogether, theseﬁndings
suggest a low demand for ROS scavenging mechanisms in mycorrhiza
associated plants. However, the set of signiﬁcantly altered proteins
andmetabolites (monodehydroascorbate reductase, peroxidases, galac-
tose, nicotinate) inMR plants contradicts the assumption of lower activ-
ity in the ROS quenching machinery.
Overall, the relatively small number of proteins speciﬁcally accumu-
lating in non-symbiotic plants emphasize signiﬁcant microbial induced
systemic leaf response to the symbiotic treatments as described previ-
ously [49,79,93].
4.2. Upon D. pinodes infection, a common pathogen response pattern is
induced that superimposes most of the symbiont-acquired molecular
response pattern
Infection and disease development depends on primary inoculum
and on weather conditions which were optimum in this study.
Consequently, our disease scores were similar to various previous
studies such as [7]. We noted the severely negative effects of biotic
(D. pinodes) stress on various aspects of plant growth such as green
area and dry matter production as well as root nodulation and mycor-
rhizal colonisation.We also observed substantial changes in the compo-
sition of the proteome and metabolome.
The plasmamembrane has been reported to play a key role in plants
initial steps of defence signalling against pathogens [94]. The enrich-
ment of the plasma membrane was satisfactory as suggested by an
increased number of plasma membrane related proteins (Fig. S2). The
greatest change upon pathogen infection was observed in the wellcharacterized defence marker disease resistance protein Pi49 (PR10
like) [95,96], which is known to be induced by D. pinodes [97] and
other pathogens [98] as well as by AMF and rhizobial symbionts [99].
Among proteins solely detected in the plasma membrane, a V-type
H+-ATPase subunit β was pathogen induced. This is well supported by
the ﬁndings that plasma membrane H+-ATPase are regulated by cyto-
solic Ca2+ [100] or bacterial pathogens [101]. The regulation of protein
turnover upon pathogen infection [102] was also reﬂected in our results
by upregulation of the proteasome subunit β, involved in protein degra-
dation. Likewise, the Arabidopsis homologue (At5g19510) of the trans-
lational elongation factor 1 subunit β and a PfkB family carbohydrate
kinase (At2g31390) were described to be responsive to bacterial patho-
gens and are conﬁrmed to be localized in the plasma membrane (GO-
annotation). Despite the relatively low yield of the plasma membrane
fraction these proteins are evidenced key players and thus goodmarker
proteins for plasmamembrane localisation and pathogen attack. Never-
theless, further studies are necessary to clarify, if these markers are also
involved in symbiont speciﬁc pathogen response or even improved
pathogen resistance.
A common plant response against biotic stress was observed in the
metabolome aswell as in the proteome. Proline, which increased in dis-
eased plants, was found to be induced by pathogen interaction trigger-
ing hypersensitive response [45,103] It is also known to be elevated
upon environmental stress and reported to function in metal chelation,
antioxidative defence as well as signalling [104].
We found that the primary metabolism contributes crucially to the
plant's defence response in agreement with [25]. Above all, the TCA
and amino acid metabolism (Fig. 8N and P) underwent fundamental
regulations after pathogen infection. The most signiﬁcant regulations
in these pathways were present in rhizobial inoculated plants. The
combined inoculated plants (MR), however, showed only minor
response to infection (threonine, spermidine) what might be ex-
plained by the already affected concentrations in healthy MR plants.
This applies also to certain functionally groups of proteins, which
were elevated inMR plants, but levelled out in diseased plants (e.g. per-
oxidases, proteins associated to stress and secondary metabolism;
Fig. 8B, I and A).
Upon pathogen infection, in all plants the TCAmetabolites citric acid,
succinate, and oxaloacetate exhibited low levels. Thismight derive from
increased malate dehydrogenase synthesis, which was previously
observed by Castillejo et al. [48] to be induced afterM. pinodes infection.
In all diseased plants, synthesis of PEPC was intensiﬁed. Exclusively
in plants inoculated with rhizobia, increased levels of the NADP-
dependentmalic enzymewere observed. This indicates a need for stress
alleviation. This enzyme was already shown to increase in Pisum upon
infestation by Fusarium oxysporum [105]. The low levels of NADP-
isocitrate dehydrogenase exhibited in R plants were signiﬁcantly in-
creased upon M. pinodes infection. This enzyme is mainly localized in
the cytosol and was found to contribute to redox homeostasis and
pathogen-response regulation in Arabidopsis [106].
There was an infection response in all treatments (M, R, MR, NS) in
the ATP-citrate lyase which was emphasized in R and MR plants. ATP-
citrate lyase was reported to be mainly localized in the cytosol and is
responsible for the supply of Acetyl-Coenzyme A, which is required for
the mevalonat pathway [107,108] and subsequently for isoprenoid
synthesis. Isoprenoids are known to be produced upon fungal infection
in rice [109]. However, our results showed a decrease of geranyl–
geranyl diphosphate synthase (frv2_113098-cyt/int; Fig. 8C; secondary
metabolism) in all diseased plants, which suggests a primary use of
isoprenoids for gibberellin synthesis instead of higher terpenes. [110]
reported higher resistance to the tobacco worm after silencing the
geranyl-geranyl diphosphate synthase.
The importance of ROS is evident in the plant–pathogen interaction,
which was expressed in our results via the upregulation of short chain
dehydrogenases (SCD). Most of them are NAD(P) dependent oxidore-
ductases [111]. Short chain dehydrogenases are reported to regulate
184 G. Desalegn et al. / Journal of Proteomics 143 (2016) 173–187PR1 gene expression in Arabidopsis [112] and thus mediate defence
response.
At metabolite level, the change of redox balancewas observed in the
linkage of galactose, nicotinate and ascorbatewhichwere affected by in-
fection. The lower levels of ascorbate suggest its presence in oxidized
form (dehydroascorbate,monodehydroascorbate), or utilized for exam-
ple in ET synthesis. In treatments with upregulated methionine (M, R),
ascorbate showed no signiﬁcant decrease, whereas treatments with
no signiﬁcant change inmethionine (MR, NS) showed a depleted ascor-
bate pool. Methionine is processed in the yang cycle, which is essential
for ethylene synthesis. Thus our results indicate differential synthesis of
ET solely in plants inoculated with single microbial symbionts (M or R).
As reported byHowe et al. [113], changes in the redox balance imply
regulation of calmodulin dependent protein kinases and therefore
signal triggering. In accordance to this, we found calmodulin, calnexin
and other proteins exhibiting calcium binding EF-hand increased in dis-
eased plants. Calcium signalling is known to regulate defence mecha-
nisms in fungal interaction [114–116]. We found modulation of the
hormone system corresponding to the observed signalling response.
The 12-oxophytodienoate reductase (JA synthesis), ACC (ET synthe-
sis), S-adenosyl-L-methionine:salicylic acid carboxyl methyltransferase
and acyl-[acyl-carrier-protein] desaturase (SA synthesis) were all up-
regulated upon infection. Indications of elevated JA synthesis (accumu-
lation of lipoxygenases) upon symbiont treatments were observed.
However therewas no indication for symbiont induced SA or ET synthe-
sis in healthy plants.With respect to pathogen attacks, it is important to
know, that infection induces SA [117]. However, JA and SA pathways are
known to antagonistically affect each other [118]. Thus, the elevated JA
levels upon symbiont treatmentsmaynot play a beneﬁcial role for path-
ogen defence as also previously described [71]. In agreement with our
ﬁndings, they reported that AMF treated tomato plants showed in-
creased lipoxygenase activity compared to non-symbiotic plants, but
unlike with controls, this did not increase further in response to patho-
gen attack. Moreover, ET and JA are reported to act synergistically upon
infection with necrotrophic pathogens [119] and suppress the abscisic
acid (ABA) pathway [118].
Furthermore, it was reported that ABA positively mediates
vitamin B1 synthesis [120]. In agreement to this, the levels of
phosphomethylpyrimidin synthase and thiamine-thiazole synthase, re-
quired for vitamin B1 synthesis, were low. Consistent with other studies
heat shock proteins and ABA-responsive proteins were upregulated
upon infection [1]. ABA-responsive proteins are reported to have simi-
larity to PR proteins which are as well induced upon stress [121]. Addi-
tionally, we observed an increase in all treatments in chaperones, PR-
thaumatin proteins, chitinases, and disease resistance responsive
proteins, which was accompanied by changes in the cell wall
associated proteome (pectin methylesterases, β-xylosidase/alpha-L-
arabinofuranosidase-like protein, UDP-glucose 4-epimerase, UDP-D-
glucuronate carboxy-lyase, glycoside hydrolase and a leucin rich repeat
protein), indicating modiﬁcations and reinforcement, as previously re-
ported [43,122,123].
The largest set of increased proteins involved in secondary
metabolism was mainly related to ﬂavonoid synthesis (chalcone syn-
thase, chalcone/ﬂavonone isomerase, isoﬂavone reductase, sophorol
reductase) and points directly towards pisatin synthesis. The (+)-6a-
hydroxymaackiain 3-O-methyltransferase, processing the ﬁnal step in
the pisatin synthesis, was binned separately in the category O-methyl-
transferases (Fig. 8A). Nevertheless, pisatin is ineffective on pathogens
such as D. pinodes as it is inactivated through pisatin demethylase, a
cytochrome P450 [124].
Thereby it becomes visible that upon infection, the single rhizobia
inoculated plants exhibited signiﬁcantly greater abundance of this pro-
tein than M, MR and NS treated plants. This observation might be the
major reason for the signiﬁcantly lower level of disease severity com-
pared to the other treatments. This higher abundance of pisatin path-
way proteins ﬁts to the greater response of the TCA and amino acidmetabolism in rhizobial treated plants. Whether this rhizobial induced
response was stronger or happened to occur sooner remains to be
elucidated. Generally, a systemic resistance conferred by beneﬁcial
microbes is not associated with substantial alterations of the tran-
scriptome [125] and plants are primed for enhanced defence. Thus,
defence responses are not per se activated, but accelerated upon attack
[126].
The crucial enzymes phosphoenolpyruvate carboxylase (PEPC) and
NADP-dependent malic enzyme (ME) were both signiﬁcantly accumu-
lating in infected plants. This alternate pathway serves to alleviate
abiotic stress via provision of CO2 (to counteract oxygenase activity of
Rubisco) and Pi through the PEPC [127], but also NADPH by the
NADP-dependent ME. NADPH is needed for the antioxidant system
and for biosynthesis of lipids, amino acids, and secondary metabolites.
We found the latter two being upregulated in concentrations or activat-
ed in synthesis upon infection.Moreover, the PEPC replenishes interme-
diates of the TCA and subsequently scaffolds for amino acid synthesis.
We conﬁrm this by altered levels of TCA intermediates (↓oxaloacetate;
↑citric acid) and associated amino acids (↓asparagine; ↑aspartate, iso-
leucine, threonine, leucine, valine). Glutamine was also lower in all
symbiotic compared to non-symbiotic plants. That was concomitant
with elevated levels of glutamate decarboxylase and its product γ-
aminobutyric acid (GABA). As reviewed by Shelp et al. [128], GABA syn-
thesis is involved in nitrogen storage, plant development, defence, and
acts as an alternative pathway for glutamate utilization. In addition,
GABA is suggested to increase the efﬁciency of symbiotic N2 ﬁxation in
legumes [129,130].
As discussed before, stress related proteinswere strikingly abundant
in MR plants suggesting a systemic induced defence response upon the
tripartite interactions. Indeed, also pathogenic related stress response
proteins like chitinases and PR-proteins were signiﬁcantly increased.
However, these proteins were only partially matched to those activated
upon D. pinodes infection. It is known from Arabidopsis that certain
chitinases are expressed in most of the organs at all growth stages
[131]. Pathogenesis related (PR)-1 protein, which is reported to be a ro-
bust stress marker for salicylic acid (SA) responsive gene expression
[118], was not increased in MR plants rather than PR-4 proteins. These
were found to have a chitin binding domain [132] and antifungal activ-
ity in Theobroma cacao [133]. In Arabidopsis, PR-4 is also associated with
the JA induced resistance against the necrotrophic fungus A. brassicicola
[134]. The additional upregulated PR thaumatin family protein was re-
ported to be induced similarly upon the incompatible interaction with
wheat stripe rust (Puccinia striiformis f. sp. tritici, pathotype CY23) by
JA [135].
5. Conclusions
There have been studies on the response of the P. sativum leaf prote-
ome upon infection by D. pinodes but little is known about the effect of
rhizobia and mycorrhiza on the leaf proteome and metabolome of
healthy and diseased plants. Here, we found that root colonisation
with symbiotic microorganisms (AMF and rhizobia) in bi- or tripartite
association is able to satisfy plant N and P demand similar to synthetic
fertilizer application, resulting in equivalent growth. Due to infection
with the pathogenD. pinodes, plant growth is substantially impaired. In-
duction of symbiont speciﬁc molecular patterns in healthy leaves was
characterized. Rhizobia or mycorrhiza inoculation severely affected
leaf protein synthesis and RNA metabolism. Mycorrhizal inoculation
also showed inﬂuence on metal handling and ROS quenching mecha-
nisms. On the other hand, co-inoculated plants exhibited remarkable
abundance of stress related proteins with a concomitant adjustment
of proteins involved in jasmonate synthesis. The pathogen infection
caused a common metabolic response (hormonal pathways, ROS scav-
enging, secondary metabolism and stress related proteins) that was
more pronounced in rhizobial plants (TCA and amino acid metabolism,
pisatin pathway), what concurred with fewer disease symptoms.
185G. Desalegn et al. / Journal of Proteomics 143 (2016) 173–187Hence, with this study we provide new insights into the symbionts in-
duced systemic resistance of the leaf proteome as well as the speciﬁc
early pathogen stress response, which emphasizes the importance of
the plants interactionwithmicrobial symbionts not only for nutrient ac-
quisition. For further studieswe suggest to compare cultivars in order to
investigate different resistance levels derived from enhanced compati-
bility with symbionts.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.03.018.
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